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and bimodal differential extinction coefficient carves (extinction coefficient
as a function of droplet size) were included. The spectral variation of
extinction coefficient betwee) 9.2gm and 10.8pm was also measured. The
results are in good agreement wit' the variation calculated for typical
droplet size distributions.

2
SECURITY CLASSIF;CATION Or THIS PAGEr%7-n Doet Ente,*,i



CONTENTS

INTRODUCTION......................................................... 5

EXPERIMENTAL APPROACH ................................................ 5

PRELIMINARY EXPERIMENTS .............................................. 6

EXPERIMENTAL PROCEDURES .............................................. 8

RESULTS............................................................. 1o

CONCLUSIONS ......................................................... 11

FIGURES............................................................. 12

3



!NTRODUCTION

An understanding of the effects of atmospheric constituents on the effective-
ness of Army electro-optical systems, both actual and proposed, requires a
basic understanding of relationships between propagation and meteorological or
other source parameters.

This report describes simultaneouF but independent measurements of the extinc-
tion coefficient due to various size distributions of water aerosols and the
mass density of the water aerosol distributions. The liquid water content
(LWC) measurements were made with two recently developed systems which are
described in detail in Bruce et al.1 The results are in general agreement
with calculated results of Pinnick et al2 based on measured fog droplet size
distributions and give further verification to Chylek's3 prediction of a
inique linear relation between extinction at approximately i lim and LWC of
fogs for all size distributions with maximum particle radii less than or
approximately equal to 14pm.

EXPERIMENTAL APPROACH

The measurements were made in an environmental chamber having a volume of
approAimately I cubic meter. Water droplets were generated within the cham-
ber, anI minimum stirring was used to ensure uniform spatial distribution of
the particles.

Figure I is a diagram of the optical system used in the extinction coefficient
measurements. The (half power) diameter of the laser beam is approximately
I cm in the measurement region. Early measurements made with a larger
diameter ix 3) beam did not significantly improve the steadiness of the
transmittpd signal. The ldser path through the chamber is in the vertical
direction with a total length of 1.79 m. Warm dry air in the form of a thin
;heet is blown across the (exterior) mirrors at the top and bottom of the
chambor to orevent accumulation of water droplets on the mirror surfaces. A
sample of the input beam is monitored by a reference power meter.
Calculations and parametric measurements have been used to determine the
attenuation necessary to prevent significant heating and evaporation of the
water droplets. A mirror is otated into the beam path to direct the beam to

Plb a spectrum analyzer during tining of the laser.

1C. W. Bruce, R. J. Brewer, and H. Burket, A System for Measurement of Liquid
Water Content, to be published as an ERADCOM report

2R. G. Pinnick, S. G. Jennings, P. Chylek, and J. H. Auvermann, 1979,
"Verification of a Linear Relation Between IR Extinction, Absorption and
Liquid Water Content of Fogs," J Atmos Sci, 37:1577-1586

1P. Chylek, 1978, "Extinction and Liquid Water Content of Fogs," J Atmos Sci,
35:296-300

5



Sampling throats ror the L'4C measuring systems are 'ocated approximately ir

the lower center of the chamber. Sam.ling i at a rate of 10 to 15 liters De-
minute. The sampl .nq throat of -, commercial light scattering counter extorrnr.
through one side ,, the _" ",er t', a point close to the extinction path ar,;:
the LWC sampliig throats. This inst-ument is used to monitor the droplet sizo
distributions and, tnrough these, the contributions of different size parti-
cles to the extinction coefficient (differential extinction coefficient';.

PRELIMINARY EXPERIMENTS

Although the measurement ystens ..ied in this study are relat'vel ,
severaI extensive ore :c-ay :.:tigations were conducted
existence of dporoor-atc exe "e ;)9tij operating ccnditions.

The first of thseqa evolved the commercial instrrment
monitor the OarZ'' s ,., . 'ons--a 'arti le ve~surin. .ys n's
class4c scatter nc .es" -* eto,. Tis nstr ment )r ;- ,' ,p
water d4',, ts w't > "'p' r"' .t 76um.

This i nst-'onent co,-,- F d'fferent si-es by :7'. ..
of !aser ligqr . . sInq'le particles nto r Oart

algie. Determina j I - :ze is indli-ect becau I.
depends on part-c,  o r , ct, . and on the geornetry ,, +e oot'c .
tern.

The instrument used t >.. .s checked t'" e sure that -a;'t w.-3

-ounted -'- the orrect . "] e 'annels. Single-size neari} transcarent
beads wer" used For cnannes , , ng particles with radii up -o abcu ,
and calibrated boea; nw/tures Kw ,ed for, channels counting par:' i-'e
radii between 4.um and ic m t Iecounting efficiency was not mesu",.
The results from tne stu'ies c t. nixed bead sizes 4ndicatn that rour*'
efficiency was rel-tvely on - .:r all channels since the curves ohtained
with calibrated bead mit-s -32 tn-,e correct shapes for the size lni'tureq
u sed.

Care must be exerc-ed to mi the density of aerosol sampled by the counter
since ce:.unt-n' is based or the i-,umption of single scattering by individual
.)artice, i <St 'rion of results may occur at hinh count rates. A variety
o .. .'jr r (- ,Ia- a " which d~oplet-free air was mixed with the
drrlr -,t r, "', ,o :amber n the inlet throat of the a cj
c.%, r,, wa r,: t <,' cisturbance of the flow character. ThI
rp',J"; *,~' ," -a '.,' that . .e of these techniques extended the number
dens' v -alqe n , ,strument ay a factor of about 3, but that Further
d:to2ajsed aen, 'c ri ,tortan of the differential extinction curves.
The differentia, extinctior urves were used only in a relative sense; that
is, the sIape of the curve and the particle radius, rp, at which peak extinc-
tion occurred were used as characteristic parameters of the chamber droplet
distributions since an absolute calibration was not available to relate a
measured size distribution to actual extinction coefficients and LWC.
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The second of these preliminary studies was an investigation of the conditions
for generation of droplet size distributions and differential extinction
profiles within the ranges found in naturally occurring light to heavy fogs.
Differential extinction profiles show the contribution to extinction of parti-
cles with radii in relatively small size ranges. Peak extinction for fogs
normally occurs in the particle radius range of 2pm to lOum. No attempt was
made to specifically tailor size distributions to be representative of any
particular type of fog but rather to span typical fog droplet sizes. Maximum
droplet size was approximately 16um to permit accurate monitoring of thie size
distributions by the PMS spectrometer.

Commercially available "cool mist vaporizers" were used to generate droplet
distributions which had noromodal differential extinction curves. The radiu:'
of peak extinction, rp. colJd be varied from about 8pm to 16m by using a
variety of throttling and impaction techniques. A stable mcde of operation
with peak extinction at oaticle radii of C0um t 1dm was finally used. Con-
densation droplet distvibutions were1 produced by introducing cold gaseous
nitrogen into the saturated vapor of the chamber. These distributions are
rharacterized ',)y r-latively narrow, nonomodal differential extinction curves
with peak extinction for droplet radii of 4.,m- Thiun. Both types of droplet

k .istr*'utons were generated with densities ,-anging from about 0.01 to
4.0 gm/m . The shape and peak position of the differe ntial extinction curves
were not particularly sensitive to variation of the -oplet number density.
Typical differential extinction curves are shown in figure 2.

study of the spatial uniformity ol' the droplet distributions was made by
varying the location of the droplet generators and using several stirring
mechanisms. Most of the mixing results from the circulation caused by the
droplet generators. A small fan with specially tailored blades provides the
-al additional circulation (in the form of a donut within the chamber)
reuiited to obtain spatially uniform distributions.

The last of the preliminary studies involved characterization of two new
sensing systems which give real-time measurements of LWC. These instruments
and their characterization will be reported in detail elsewhere.i Only a sum-
mary wfll be given here.

One system involves a mass accumulation technique in which droplets are col-
lected on a three-dimensional filter consisting of layers of flannel on a
screen base. if the accumulated mass is measured and divided by the sampling
time and the volume flow rate through the filter, an absolute measurement of
LWC is obtained in units of mass density. The three-dimensional filter is
critical to successful measurements since water droplets would clog a two-
dimensional filter and lead to inaccurate sampling. Sampling times between
15 s and 4 min were used for light and heavy mass density droplet distribu-
tions and have yielded reproducible results.

IC. W. Bruce, R. J. Brewer, and H. Burket, A System for Measurement of Liquid
Water Content, to he published as an ERADCOM report



Caution is necessary in this measur-ement to apply a time-dependent correctiur,
factor which result- from quite, r-p4d initial absorption of water by the '
filter fibers. Th4,; ffert actzialy represents equilibration onf the, 4'3rroW

to the relative hU'Idity ,)' the _o-;3mber. Since th-sefc s ai n
reproducible, the necessary correctin is straightforward. la s s -_,ollet io r,
was studied to dete-m-Ine an adequate number of layers of flannel.

For the environmental chamber measov'ements, filters are preweiqhed ir ealp,
containers, inserted into a sampling throat with 0-ring seals, ano e au

their oriainal contjiner for Post -.;mling weighing. They are ten (lrlC-' 4-
a stream of ambien t air for later usc. A similar but real-'np
porated into a top loading r'ct-o),' balance is 31so used,

The second LWC measurement syste- -j- s a differential sam~liro tech,
phase-sensitive detection. 7-le svcyterf has two sampliing th rcats. ?n,

is vertical and unobstructed-, inl The flow through it contains t'oth va? -

water droplets; the other th-.roat _'ntains a series of fla;nnel fi' ,r,
offset openings which create free o)w conditions through a ~~~
that the resulting sample -ontm4rs only vapor. A rotat ino oia
nately selects samples from the tw( Throats and permits them to o
heated woven wire Qrid. which vyz~,~ the droplets. ~ . w

chosen to be much larger thn ne water droplets to pr o v Go a o

efficiency. Evanorat';n of wa#.-' f-rom the grid causes coolinQ
the grid -e-sane. Tis -nha-ge -Slts in an ap'oiae V .
the vol tae JQol 4ed aor<> -1 'r y 0n'o' u~Ot:

4 reference s-inal for a lock-i r eT~ r- i s obtained from tht Tro
half dsc a the ,ynchrG,,,,s v, -.age change across teqic:-j

the resulting siginal ia e n~t eproportional te tnc tc '
density measired wi;,h tb e 2 <te ,sytem in a series of rme 1s u Y ci -nn
wide range of env'rnenta' h'e conditio-z. Single and mul E-
grids have be-- .is-c' an, no s'rK '.ant d-Ifferenco in reuswas '

The mass col lectioi JfIlIterl SYSzemIT is used to) establish the c iO-aeI o
the differential systemn. -,.r toese measurements, the systemn has :ocer ;na
i continuing check on the calibrati"on; but the stability of thedie''to
ssem is su er hat s~h '.-)rTing is not Pctually na cessa'-y.

'XPERIMENTAL PROCEDURES

Mcnt )f the extinc*_on coefficient measurements in this study were made fiith
the 1aspr tuned to the 10-M ^,,0 transition line at a wavelengtn of
l,0.2_I'_,. -owever, several -lets of spectral scans of both the 9t.M and _1ijm
and " 7-idno iQ. ,re made. Tee laser beam oower was monitored continu-
ously, nior t(; the input mirror for the fog chamber (sampled by a beam
,plutter) anl arter t le,"t the chamber. The length of the path within the
chamber wa, '.7q m.

Ontical alignment and laser line stability were periodically checked and no
pr-oblems were encountered. The power meter; and the differential LWC system
were stabilized, and baselines were established on the chart recorders used
for data collection.



The droplet generators were then turned on, and the chamber was brought to a
droplet equilibrium condition which was characterized by constant values for
both transmitted laser power and differential LWC signals. After recording
these values, the droplet generators were turned off, and the chamber was
again allowed to reach an equilibrium w'th only vapor present. This procedure
establishes a baseline for the measurement of changes in transmicsion of laser
power due to droplets only.

The droplet generators were again turned on; and after equilibrium conditions
were reached, a set of three filter measurements of LWC was made. PMS counter
measurements were then made, and the droplet generators were turned off.
After a spttling time to return to vaoor-only conditions, the sa'te measurement
process was repeated with a different power sunrlied (by use of a Variac) to

the droplet qenerators. Variac settings betweer 60 and 10C percent were used
to provide, a varietv of droplet number densit-e. Size d;stributions and the
share and posftion (r- = lOum ± .um) of tiir di'ferential extinction coeffi-

cient curves emained aImost constant for all similar sets of experiments.

"tifferent droglet size ,str-ut~ors were obtained by following t~e abovE
pr'ocedure for establishing vapor saturatic- as well as equilibrium droplet
conditions and then iltroducing cold nitr'gen gas into the center of the
ohamber. After an initial mixing period o' about I min, chamber conditions
became essentially uniforv; then both the transmitted laser oower and differ-
ential LWC signals decayed (over a period of 6 to 10 min) back to those repre-
sentative of ambient temperature conditions.

Frr some of these condensation droolet measurements, the droplet generators
were turned off before the cold nitrogen was introduced. Under these condi-
tions, the position of p for the differential extinction coefficient curves
was at about 4

11m ± !,m. p

When the droplet generators continued operation, the position of r either
occurred at an intermediate position or the size distribution was bimodal with
a variety of shapes and the two peak extinction positions within the range of
Aum to lOim.

Since chamber conditions varied with time for these condensation experiments,
the LWC filter measurements were made only under the original equilibrium
conditions to establish a calioration value for the differential LWC measure-
ment.

The PMS counter measurements also required a special procedure. Since the
counter significantly depleted the chamber's contEnts, size distributions were
measured on alternate measurement set, for repeated conditions. There was an
equilibration period when the counter was first turned on. The data for this
period (about 3 s) were discarded. Then, several valid 2 s samplina sets of
data were obtained.

The spectral variation of extinction was also measured. Two types of experi-
ments were performed. In the first the specially modified laser was operated
in a scanning mode. In this mode the laser can be scanned through the 9,m R
and D bands and then, with a minor adjustment, through the 10,m R and P
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bands. A complete scan of these 'a,),s takfs approximately 1 h. these 1-':
were somewhat noisy so another experiinenta& procedure was also Ised.

The second set o f s)ctr a . obtained by manually tuning the iaser tu
four separate qpectral lines ,n ejc of the four bands and measuri no the

extinction. The lines used (1, ',-, 24, and 30) sere chosen to be 7airly
evenly distributed acros, each an0. Data were taken by using the saoe ge.
eral procedures as those used in .- , other experiments, with dropet ,' ,e .-
tion conditions typical of those wn' h produced di fferential e0'ito' ),m-
at approximately lOom.

Environmental chamber conditio- f- "pse soe-tral scans w, -l  t .

conditions far eoui i- m r _erat'on i-oo de:aa -ec .
ments. No corder-at '" d'o r  t c<2 ibu.1;ons we't, * -uoe- i GE?,( I fj
unstable, and n ex :,- " . ...

pret.

The measure, ratm-s etee e e rin :oei oc o't a-

the L4C of er-vronoenta cdiamoe- ,, ,,et J4,tr- aZutois s s c>,
throuoh 3c.

Each type Yze - ly show, ,i linar 'ela .

measure! ant'it Thi 'i -wpe t , s , ss om v ,

function cf toe ',c ir ., ' genera m h 3

mechanically ge nPr i:c e 't' (I; (foure 3a) i 2 K

condensation drolet ist ' i -  igure 3b9 'S k(. , ) r t'

combinat'on of ,3( s out , .5 3C , . gm- ( a , h, . . "

presumably vary anyner- :-wp. ther two va'ues.

However, the data for a' ,' : , tributions may be combined to y e ;

-lhear relation wit' a ,loe : -4 'm- (qr/m> with a combined experim enta"
e'Or )f 12 km - -, ' 'm" o' c nerc, rt.

. DM. counter au.e . he size distribut:ions were used in a Mie

scatt,'-7no ooran :al,-uation of IWC and extinction coefficient usanq a
oreV'n ,5> '1 va ,e for th, complex index o r refractior "or water at

this ,nave'erqoh Oy 2 et j -he ratio of the calculated quantities ot

gm: . - n, agree . w4 'l ;  i the experimental error with that of the
m1a, - e -sneet was true even though the calculated values of

the t ... .ints and :_k were close to the measured values for one
cqlunr ne ut n ,  I ere for another simi lar unit,

Figure 4 is a comparison nf the average measured extinction for each spectral

band with the va'ues calculated from measured droplet size distributions.

+G. 4. Hale and M. R. Querry, 1973, "Optical Constants of Water in the 200-nm

to ?Oum Wavelength Region," Appl Opt, 12:555-563
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Averages of both sets of measurements are Thown, with the_ 7MS data spread
shown for the data set obtained by manually turing the laser. The data taken
with automatic tuning have a large, spread. Some ff t'e lie, meas,-red i .,r
this mode of operation were not included in the band averages. These averaqes
were chosen by plotting measured power for al lines in d band and discarding
points which did not fall close to a Boltz-ann-like profile. Approximately
six line- (38 percent of total' were included in each average. Tee measured
averages are plotted at the median wavelength for the lines used.

TWO sets of calculated extinction coefficients are shown. These sets gi,:e the
calculated spectral dependence of the extinction coefficient for typical
droplet distributions with primari ;y large ald small droolet sizes. The peak
differential extinction coefficients occ,.,rrec at approximately 9.3..m and 4.20m
for the dropet di-;tributins .sed.

All data have been scaed t( aQ-ee at i.3.um sirce the other meas.jrements
'-en oted here show that th- extinction coefficient ,s .ndependent of d-oolet

F size disz utic, n iinearly ,eoerdet or "WC at that wavelength.

CONCL M:NS

S•Measurements have been made of the extinction coefficient at 10.2/um and,
,ndependently, of the LWC of a large number of environmental chamber droplet
wize distr4 butions with radii spanning those of a variety of fogs. linear
relation has been found which is ap proximately independent of the size dis-
4 'bLtion. The measured ratio of extinction coefficient to 4 is
15n km--(amim .

ThEse results are in qood agreement with the linear relation oedicted by
Chiek< and calcuated by Pinnick et ale- at 'Iim based on sze distribution
measurements of fogs and hazes.

Mpeacremerts r,1 the spectril deoendence of the extinction coefficient fbetween
q.?:m ani iO.8ium) have been made and are in good agreement with the denendence
calc-!ated fo- two "y ical droplet size distributions.

Systems for the meas&,iement of' LWC urnder field conditions have been developed
# em those used in ths study and were used in tre Meppen 80 *eld tests.

The resjlits obtainrod from the experiments reported here suggest that it would
be possible to use measurements of LWC to predict performanc- in fogs and
hazes of EO systems operating in the lOom atmospheric window.

1P. Chylek, 1978, "Extinction and Liquid Water Content of Fogs, 3 Atmos Sci,

35:296-300

2R. l. Pinnick, S. G. Jennings, P. Chylek, and J. H. Auvermann, 1979,
"Verification of a Linear Relation qetween IR Extinction, Absorption and
Liquid 'Water Content of Fogs," J Atmos Sci, 37:1577-1586
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Figure 1. Optical system. 'A eoreoets mirrors. B represents beam sf "-or
One mirror is rotata)le to permit laser line identificat-onn, -
CC; laser 4ncorDorda'es automatic line scanning ard stabi-ze-n'
An optical beam chonoer iQ retained so that an aerosol soect-r-Dnone
measures absorption coefficient) and alternate detectCrs for otner
lasers may be usea. An adjustable aoerture for the CO.; laser beam,
window flush for tp inout and output mirrors, liquid wate" contrt
measurement system ., Dr' Darticle counter are omitted in this
diagram.
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Figure 2. Typical differential extinction curves for condensation

droplet (left peak) and mechanically generated (right peak)
size distributions.
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(b) Condensation droplet size distributions.
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(c) Droplet distributions generated by combinations of the
mechanical and condensation techn:ques.

Figure 3. Extinction coefficients as functions of liquid water
content for mechanically generated, condensation, and
combination droulet size distributions.
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Figure 4. Measured and calculated extinction coefficients. The measured data
points are averages for the spectral band plotted at the median wave-
length for the lines used. Fhe RMS data spread is indicated for the
manually tuned measurement set ((1). The data spread for the auto-
matically scanned measurements (V ) is of the same order of magnitude.
The calculations are for typical droplet size distributions with peak
differential extinction at droplet radii rp of approximately 8.8um (0)
and 4 .5tim (X).
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